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Since 1941 the Naval Experiment Station has been mak-
ing relaxation tests. From December 1947 through Uay 1948
the author collected and analyzed this data for the purpose
of finding a relationship between initial stress, time and
stress. This work was carried on at the United States Nav-
al Experiment Station and at the United States Naval Post-
graduate School.
Acknowledgements are due to Dr. G.H. Lee and Dr. F.L.
Coonan of the United States N~val PostGraduate School for
their supervision of tile project, to Mr. A.M. Bruce and the
metallurgical staff of the United States Naval Experillient
Station for tl~ir assistance in running the tests and mak-
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I INTHODUCTION AND SUMMARY
The increasing number of naval projects in the high
temperature field has made the behavior of bolts under high
temperatures a matter of ooncern to the Navy. Muoh experi-
mental work has been done in determining the oreep resistanoe
of metals. However for the design engineer, the oreep rate
for a given bolt material is at best an Unhandy pieoe of in-
formation. Furthermore the oreep test supposes a constant
stress with plastic deformation. In the case of the bolt,
one has instead an initial elongation of the bolt caused by
the initial stress; then creep tends to further elongate the
bolt, but instead of causing elongation part of the bolt load
is removed. The bolt is said to have relaxed, and has the
same initial elongation{ see appendix for mathematical treat-
ment ).
Six years ago the Naval Experiment Station designed and
set up a relaxation machine intended to duplioate the above
described bolt relaxation phenomenon. The test specimen was
loaded giving an initial elastic deformation. When creep
tended to further elongate the specimen, sufficient load was
removed to return the specimen to the initial elongation. The
primary purpose of these tests was to determine how much dif-
ferent bolt materials relaxed under constant temperature. The
emphasis in these tests was placed on the final relaxation
stress as an indicator of the usefulness of the bolt material.
No attempt was made to analyze the data for the purpose of de-
I
· termining if any specific relationships existed between time;
temperature, and stress for the given materials.
A major portion of this thesis was the collection and
analysis of existing data to find such a relationship. As
the original tests were not performed for this purpose the
author performed 6 relaxation tests in order to obtain de-
sirable initial conditions.
The project also included a detailed description of the
test equipment. A study was made of existing literature on
the sUbject ( see bibliography). Finally a portion of the
thesis was devoted to the metallurgical factors affecting
bolt relaxation, conclusions, and suggestions for carrying on
further analyses.
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II DESCRIPTION OF TEST EQUIP1mNT
1 Desoription of Relaxation Test Machine
Essentially the test apparatus oonsists of a lever
system, an oil filled tank, and a furnace enclosed test spe-
cimen. The weight of the oil-filled tank thru the lever
system and adapters applies a load to the specimen. The
lower end of the specimen and its adapter are anchored. To
maintain their aligmaent both adapters are lightly supported
by means of the round ended adapter holding pins. The upper
adapter, attached to the lever system, rises as the specimen
elongates. The ~aount of elongation is measured between two
points four inches apart by means of the specimen holding
points. The lower holding points, lower inconel cylinder
and its end piece, and vertical inconel rod are at all times
stationary •. When the specimen elongates the upper holding
points, upper inconel cylinder and its end piece, and strain
gauge rise. Thus the arm of the strain gauge would tend to
be raised above the end of the inoonel rod. However a spring
keeps it in contact with the topef the rod. The movement
of the strain gauge's arm to maintain the contact actuates
the pointer on the dial of the gauge. The dial is divided
into 100 divisions, one division equaling .0001 inches.
After the initial elongation caused by the application
of the load, the dial is set so that the pointer is one and
a half divisions from an electrical contact. The contact
surfaces are silver or platinum. Thus when the specimen e-
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magnetic valve allowing oil to drain from the tank until the
specimen's elongation is reduced to less than .00015 inches; ,
the contact is broken and the process repeats itself. To
find the amount of relaxation at any time, one weighs the a-
mount of drained oil. This value can then be multiplied by .
a constant to give the number of pounds per square inch that
have been removed from the initial stress.
2 Furnace Temperature Control
Furnace temperature control is maintained by means of
three thermocouples, a control box, and an automatic temper-
ature recorder. There is one thermocouple placed at each end
of the specimen ( by means of the thermocouple inlets in the
adapters ) and the control thermocouple placed just outside
the alundum liner near the heating element. In the following
discussion, figures 2, 3, and 4 should be referred to.
Each furnace has a control box which consists of a gal-
vanometer and temperature setting dial. The temperature that
is set opposite the index of the temperature setting dial is
the temperature that the contrQl box will maintain at the
thermocouple located outside the alundum cylinder near the
heating element. This control thermocouple actuates the gal-
vanometer in the control box. Every five seconds the control
bar drops and stays down for five seconds. If the galvan-
ometer needle is on the low part of the scale the bar, while
down, closes the electrical contact that shunts the slide
wire rheostat resulting in greater voltage drop across the
heating coils. When the temperature has risen sufficiently




bar will not depress the galvanometer needle, the contact
will remain open and there will be less voltage drop across
the heating coils by virtue of the slide wire rheostat
resistance.
The temperature at the control thermocouple, because it
is nearer the heating element will be at a considerably
higher temperature than the thermocouples in the top and
bottom of the specimen. The thermocouples at the top and
bottom of the specimen are cooler than the portion of the
specimen actually under test. Furthermore the upper thermo-
couple tends to become hotter than the lower one. The next
paragraphs will show how this variety of temperature condi-
tions is utilized to give a uniform desired temperature to
the part of the specimen between the specimen holding points.
The manner in which the temperatures of the top and
bottom of the furnace are equalized can be shown by reference
to the heating el~~ent electric wiring diagram. Without the
drum type resistance in the upper heating element part of the
circuit, the top would become hotter. The top and bottom
temperatures are automatically recorded. If the top temper-
ature is too high, resistance is cut in causing a smaller
voltage drop across the top heating coils, until the top
temperature records the same temperature as the bottom.
For each furnace and for each material a test is run to
determine the relationship between the top and bottom temper-
ature and the part of the specimen under test. Besides the
top and bottom thermocouples, for this test only, three
thermocouples are placed internally in the test portion of
8
the specimen. The drum resistance is adjusted so top and
Abottom read the same. The three temperatures recorded from
the thermocouples in the test portion of the specimen are
invariably the same. For a number of furnace temperatures
there are recorded top and bottom temperatures versus speci-
men temperatures. This information in the form of a curve is
shown in figure 4. For any giv'en test temperature the curves
will yield a top and bottom temperature whioh can be main-
tained by proper use of the temperature setting dial and the
drum type resistance.
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III THE DIMENSIONAL ANALYSIS APPROACH
The purpose of the dimensional analysis approaoh was to
attempt to find a relationship between time, initial stress,
and stress, so that for a given material suitable values
oould be sUbstituted in the expression to give the stress at
any time.
Eight variables were oonsidered, and the mass(M), length





































Changing the form gives
(2 )
and finally
Equating exponents to zero gives the following simul-
taneous linear equations:
a+ b + c + e + h:=: 0
-a-b-c- e-h=-O
-2a - 2b- 2c + d - 2e - 3h = 0





It is observed that equations (4) and (5) are not independ-
ent. There are then 3 independent equations involving the 8
unknowns. The method used to find the dimensionless parame-
ters is that suggested by Sohon(3)* in his "Ensineering Math-
ematics".
Of the eight unknowns in equations (4), (6), and (7), b,
f, and d are solved for in terms of a, c, e, g, and h Diving
b ;. -a - c - h - e
f= c+g+h
d= h





A table of trials is set up. For each trial arbitrary val-
ues are assigned to a, c, e, g"and h. Substituting these
values into (8), (9~, and (10) values for b, f, and dare
obtained. On trial 1, h is given a value of 1, while a, c,
e, and g are set equal to zero. b is found equal to -1, d
is equal to +1, and f is equal to +1, giving n; a value of
!W.I.. The following table shows 5 trials with the result-E •
ing Pi term for each trial.
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5
a-=- 0 a".,+1 a== 0 a= 0 a~ 0
b== -1 b'" ~l b~-l b=-l b= 0
c:: 0 C"'- 0 c:::::+l C=' 0 c~ 0
d==1"l d== 0 d~ 0 d-= 0 d~ 0
e=- 0 e= 0 e= 0 e""+l e= 0
f:=-+l f::: 0 f=+l f -=' 0 f:=+l
go: 0 g::=: 0 g-:: 0 g= 0 g=+l
h::-+l h:: 0 h-= 0 h:= 0 h=Q
e;.3T (J" Figure 5 ee 0: eelE E E E.
These 5 Pi terms are combined to give 4 Pi terms 7T-.9: IT_ c
.- E.) 2.- Eel.
Tr3 = ~T~ J 7f+= 15'<2 ,considered to be in a more useful form
than the original ones. As ~ appears only in /\" the plan
was to select several metals and for each substitute values
of the variables in order to plot ~ against each of the oth-
er Pi terms. It was hoped that a mathematical expression for
each of the curves could be found, yielding an expression for
stress possibly having the form:
12
(11)
The metals seleoted were RJ ( see figure 14 for the
metal's oomposition and properties) and RY. These are low
alloy steels and possess relaxation properties quite inferior
to the high alloy steels. The relaxation ourves of all the
metals studied are somewhat diffioult to analyze since most
of the relaxation ooours during the first few hours of the
test; the stress-time ourve is somewhat hyperbolio in nature.
The high alloy steels possess the characteristio of rapid
initial relaxation to a more marked degree than do the low
alloy steels. For this reason low alloy steels were selected
for analysis.
Three tests were made on RJ, the first with an initial
0
stress of 50,000 p.s.i. at $50 F, the second with an initial
0
stress of 30,000 p.s.i. at 950 F, the third with an initial
0
stress of 25,000 pes.i. at 1000 F. stress versus time curves
were drawn for the 3 runs for. times up to 500 hours. Of the
variables used the most difficult of obtaining was ~ • It
was hoped that it would be a constant, suoh as the specific
heat of water is nearly a constant for all conditions. The
slopes of the stress-time ourves were taken from the 3 curves
at frequent intervals ( see figure 16). Thus for time equal
to 25 hours ~i" equaled 88, 114, and 88 for temperatures of 850 0
o 0
F, 950 F, and 1000 F respectively. ;G was found by taking the
difference between ~~ of 850°F and 950°F and dividing by the



























'" 0peratures of 850 F and 950 F, and a value of .052 ( opposite
o 0
sign) between 950 F and 1000 F. Other values of~ were com7
puted, and curves Ofj~ versus time were drawn. The crossing
of the curves was disappointing, and indicated that a dif-
ferent attack was necessary.
The next metal selected was RY. It was thought that the
crossing of the ~f curves was caused by the fact that the
curves had three different initial stresses. It was decided
that the effect of initial stress would in these runs be
avoided by starting them all at 25,000 p.s.i. using the same
o 0 03 temperatures 850 F, 950 F, and 1000 F.
The same procedure of curve plotting and computing was
used in the case of RY as RJ. The difficulty of crossing
curves was not encountered. However values for j3 were found
to be quite different. From figure 18 it can be seen that
o
for time equal to 8 hoursf? equaled .53 computed between 850 F
00.
and 950 F and equaled 3.74 computed between 950 F and 1000 F.
This is unfortunate as it indicates either thatj3 varies con-
siderably with temperature, or more likely, that the test
equipment is not sensitive enough to give data for this type
of ~nalysis. Nevertheless 7T. was plotted against 1f3 ( see
figure 15). This yielded a family of temperature lines.
With temperature entering in this manner it is seen that rr.
and 1f3 are the only Pi terms needed, as all .the important
variables are included in them. However the results are
o
obviously not satisfactory because of the short 850 F curve.
This is due to the small values 01';1 used in computing its
~ • If the same values of ~ were used in plotting the
28
o 0 0
850 F line that were used in plotting the 950 F and 1000 F
o
lines, the 850 F line would parallel the other two slightly
<l
above the 950 F line.
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IV ~WERATURE STRESS CORRELATION
Many of the tests were run until the stress-time curve
became essentially parallel to the time axis. It was ex-
pected that for a given material the value of stress for
which the curve became parallel would be determined by the
test temperature. To verify or discount this idea is the
purpose of this portion of the thesis.
The first part of the correlation consisted of deter-
mining the reduced stress for each test run. Reduced
stress is defined as the stress for which the slope of the
stress-time curve becomes equal to 2 p.s.i. per hour. 2
p.s.i. was chosen arbitrarily and for no particular reason
except that it indicates a very flat ourve. Zero slope was
not used beoause a number of tests were not continued until
horizontal. Coordinates were set up with initial stress as
ordinate and reduoed stress as abscissa. Plotting initial
stress against'reduced stress gave a series of points. As
the points did not satisfy straight line, parabola, or
exponential conditions, curves were faired by eye thru
equitemperature points.
Curve stress differences were obtained for each point
by sUbtracting the reduced stress of the point as plotted
from the reduoed stress indicated by the faired curve for
the same initial stress. Percentage error was obtained by
dividing the curve stress difference by its initial stress'
and. multiplying by 100. In fairing the ourves, all the
o




~ The results of the correlation verify the supposition
that the test temperature determines the reduced stress. The
stress differences and percentage errors do not seem exoes-
sive. However the oorrelation does not mean much for the
o1000 F test temperature points because of the limited range
of initial stresses used.
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V METALLURGICAL FACTORS AFFECTING RELA:XATION
The subject metallurgical factors affecting relaxation
is one which is still in the process of investigation and
much of interest is still expected to be found. To date
those factors considered most important are composition,
grain size, structure, and variations in manufacturing prac-
tice. Each of these factors will be taken up in some detail
and illustrated by a comparison Df two metals, one having
excellent relaxation properties and the other having poor
relaxation properties.
It has been found that certain elements when added to
steel increase its relaxation resistance. In general they
divide themselves into two categories, those that are solu-
ble in iron and those that are said to be carbide forming
elements. Examples of the former include nickel, aluminum,
silicon,' and cobalt. The latter include such elements as
tungsten, molybdenum, venadium, and chromium. The carbide
forming elements are considered to have the superior relax-
ation resisting properties. It is theorized that this
property arises from the ability of the carbide particles
to wedge themselves in between the- slip planes preventing
them from slipping.
As regards grain size it has been found that for high
temperatures a coarse grain will hold up better than a small,
fine grain size.
In grain structure any structure that tends to make
the metal soft results in poor relaxation properties. Thus
34

FIGURE 23. RX BOLT STEE.L XIOO
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f ~GURE. 26. UH BOLT STEEL )(500
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·spheroidization, which causes the iron carbides to form smali
round spheres is injurious to relaxation resistance. Simi-
larly graphitization in which spheres of graphite are found
in the structure also decreases relaxation resist~nce.
The United States Steel Research Laboratory pUblished in
February 1948 a report titled t~ffect of Variation in Manu-
facturing Practice on Creep-Rupture of Low-carbon Steels at
850 Fit (4). The report concerns oreep tests made on 12
different low carbon, low alloy steels for the purpose of
comparing openhearth versus bessemer refinement, aluminum
versus silicon deoxidation of steel, and different composi-
tions. Oarbon content varied from.O? to .27%. Besides iron
and oarbon, alloying elements included manganese ( .38 to
86% ), sulphur ( .018 to .037% ), silicon ( .005 to .23% ),
aluminum ( .002 to .006% ), alumina ( .002 to .006% ),
nitrogen ( .005 to .22% ), and titanium ( .001 to .003% ).
The results of the tests proved inconclusive as regards
bessemer versus openhearth refinement and the effects of
composition. The tests did strongly indicate that steel
killed with ferrosilicon had higher creep resisting properties
than did those killed with aluminum. In evaluating the report
it may be said that it has just probed the surface of a very
interesting SUbject.
To illustrate the above described factors RX ( K-22 ) and
UH ( N155 ) were selected for comparison. Figure 22 shows a
oomparison of the two metals. Heat treatment of RX consisted
o
of heating to 1650 F for 1.66 hours followed by furnace
o
cooling. Then heating to 1200 F for 2 hours with air cooling.
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oHeat treatment of UH consisted of heating to 2200 F for 1
o
hour with water quenching, followed by aging at 1500 F for
4 hours with furnaoe oooling.
In oomparing the oompositions of the metals it is seen
that UH has many elements that are soluble in iron or are
oarbide formers. These inolude ohromium, molybdenum, nickel,
oobalt, tungsten, and columbium. On the other hand RX has
only a small percentage of molybdenum.
Figures 23 and 24 show photomiorographs of RX at xlOO
and x500, while figures 25 and 26 show UH at xlOO and x500.
It is notioed that while the RX grain structure consists of
simple ferrite and pearlite, the UH grain structure shows
precipitated carbides. It oan also be seen that the grains
of UTi are coarser than those of RX.
The importanoe of these different oharaoteristics is
sUbstantiated by actual test. In a recent relaxation run RX
o
was given an initial stress of 25,000 p.s.i. at 950 F. After
60 hours RX had relaxed to 6350 p.s.i. In another run UH was
ogiven an initial stress of 25,000 p.s.i. at 1350 F. After
500 hours UH had relaxed to only 14,000 p.s.i.
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t.. VI CONCLUSIONS
In this thesis a relaxation machine has been described,
and an attempt has been made to analyze the resulting data
to give an expression relating time, temperature, and stress.
The analysis showed when two Pi terms, r and~ were plotted
against each other a family of temperature lines resulted.
Thus if one had a material for whioh he desired to know the
relaxation stress from a given initial stress after a certain
number of hours at temperature a, he could evaluate~~ and from
the curve find f. Multiplying this value of f by E would give
cr. Unfortunately~ was found to vary over a wide range of
values, indicating either ~ varied with temperature or that
the test equipment was not sensitive enough to give results
suitable for such an analysis.
Several faotors may have oaused inoonsistent results.
Any further analysis should insure oontrol of metallurgioal
treatment of the specimen material. This was disoussed under
metallurgical factors and emphasized the importance of unifor-
mity in the method of deoxidizing the steel. In these tests
metallurgioal records were limited to the specimen's heat
treatment.
Another source of inconsistent results was the method of
plaoing the load on the speoimen.Referring to figure I, the
loading was done in two steps. First a wedge was removed
supporting loading beam 2. Then the support of the jaok sorew
for beam I was removed. Such a system of load applioation
resulted in the load being applied in a slightly different
40
-~anner each time. This method of loading also allowed for 1
the possibility that the test initial stress may have been
actually larger than that computed from the oil tank load.
This followed from the consideration that creep may have al-
ready begun by the time the dial on the strain gauge was set
presumably .00015 inches greater than the initial elongation.
If creep had already started the test initial stress would
have been essentially greater than that indicated by the oil
tank load. For further analysis it would seem desirable if
this system of loading would be replaced by one that would
insure short loading time and would apply the load to the
specimen in the same manner for each test. If the oil tank
were supported by a platform that could be lowered by a
motor, these conditions would be met.
In as much as the results of the dimensional analysis
approach were not satisfactory, a correlation was made be-
tween initial stress and reduced stress for a number of low
alloy steels. 17 test runs and 8 different metals were used
in the correlation. The curves reSUlting from the corre-
lation yielded the reduced stress for a given initial stress
and temperature. For the 17 runs the average error between
values given by the curves and the test results was 5.2% when
compared with the initial stresses.
A plan for continuation of the dimensional analysis
approach would first of all remedy the above mentioned incon-
sistencies in the initial conditions of test. A test material
should be chosen having slow relaxation properties. It is
noted that RJ is superior to RY in this respect. Tests would
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'be run at a constant initial stress with varying tempera-
tures to establish the nature of,L3 --that is, whether f3 is
a constant or a function of temperature. Without knowing
the nature of(3 it would be impossible to evaluate 1f3 for any
but tested initial conditions. If the nature of ~ can be
established, a prediction can be made for the stress at a
given time for a bolt material having a given initial stress
and constant temperature. This prediction would then be
verified by test.
The interesting SUbject of reloading of the bolt was
not included in the project. Tests showed that reloading
the specimen to the initial stress results in greater relax-
ation resistance. This is attributed to the hotwork produced
by the previous run. Factors affecting the amount of relax-
ation would be test temperature, time of rest at no load,
and length of time interval between reloadings.
It is noted that the relaxation test as described in
this thesis differs from the actua~ bolt behavior in that
the actual bolt has its load applied at room temperature,
while the test specimen has its load applied at the test
temperature. A further project would be the design of a
relaxation machine to investigate the affect of this initial
temperature rise on the loaded bolt. It would require allow-
ance for the differences in the coefficients of expansion of
the bolt and flange materials.
In conclusion it is stated that the theories and rela-
tionships expressed here require further experimental
support. However it is the belief of the author that the
42
project has indicated the direction for further analyses to
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E = total strain
~=. initial stress
0-= stress
E - Young's Modulus
...
I II cr;





Therefore the pIa tic strain is equal to a constant times
relaxation.
*Basic equation from Relaxation of Metals at Hig~ Temperatures
by Trumpler(S).
